The hydrological process of evapotranspiration (ET) plays an important role in water circulation in wetlands, and understanding the contributions of wetland ET to local and regional water cycles can help in designing effective wetland management strategies. In this paper, a numerical model, vegetation indexes, and stable isotopes were integrated to partition ET in the Momoge Wetland to understand hydrological processes and calculate the contribution of wetland ET to local hydrological cycling. The results of the non-steady state (NSS) model indicated clear deviation of leaf water enrichment (δ Lb ) from an isotopic steady state (ISS) for Phragmites australis, and the model accuracy improved particularly in the early morning and evening when air moisture was highest during the day. The isotopic mass balance showed that E and T contributed approximately 62% and 38% to ET, respectively. Using the estimated proportion of T to ET, in combination for the measured leaf transpiration, total ET was estimated at approximately 8.76 mm d
INTRODUCTION
Wetlands are important ecosystems that provide many valuable ecological services, including habitat for species, flood peak attenuation, water purification and climate change mitigation, among others (Woodward & Wui ) . Hydrological properties are the driving factors of a wetland ecosystem (Mitsch & Gosselink ) , and particularly, evapotranspiration (ET) plays an important role in the ecosystem water budget and energy balance (Hu et al. ) In the past, accurate water balance estimates could not be obtained easily because ET information from vegetation was lacking (Fermor et al. ) . As a result, the effectiveness of many wetland management practices was low (Peacock & Hess ) . Currently, worldwide, much research is focused on the contribution of Phragmites aus- (Herbst & Kappen ) . Nevertheless, little research has focused on the hourly partitioning of ET using a stable isotope method in a P. australis marsh wetland.
Motivated by this gap in research, the daily consumptive use of water by P. australis and the partitioning of ET in the Momoge National Nature Reserve, a semiarid marsh wetland in northeastern China, were determined using a stable isotope method. The objectives in the current study were to (1) investigate the isotopic characteristics of the water pools and fluxes at the site, (2) determine the relative importance of different components to ET and the daily water use by P. australis and (3) estimate the daily ET distribution on an hourly scale.
MATERIALS AND METHODS

Site and study description
The Momoge National Nature Reserve (45.9359 N, 123 . 6839 E and 2,000 m length), within which all vegetation, leaf area index (LAI) and water depth were measured in a vegetation survey to determine species composition, plant height and plant density.
In this study, many biological and meteorological factors were measured, and the parameters of P. australis included the leaf water content (W ), specific leaf area (SLA), LAI and leaf-level gas exchange properties. The meteorological factors included water level fluctuation, in addition to air temperature and relative humidity and water surface temperature, which were monitored using an HOBO series temperature and humidity recorder (ProV2, America) and water thermometer, respectively.
The SLA was calculated from the dry weights of 10 pieces of 0.9 cm 2 punched from leaves during the day of sampling. The W was determined from the difference between the fresh and the dry weights of the leaves from five plants and the measured mean SLA of foliage. The LAI was determined by counting the number of individual plants within three replicate 1 × 1 m plots, sampling 20 individual plants, determining the dry weight and then calculating the leaf areas using dry weights and SLAs.
Leaf-level gas exchange properties, including stomatal conductance, transpiration and leaf temperature, were measured using a LI-6400 analyser (Li-Cor Inc., Lincoln, NE, USA) on three leaves of individual plants. Table 1 shows the results.
Sample collection and measurement
In the wetland ecosystem, samples of different water pools were collected five times on two consecutive days, 20th and 21st June 2013, which included surface (0-5 cm) standing water, stem water below the water level and leaf water for P. australis, and atmospheric water vapour at three heights 
Calculation of T/ET
In this study, we used the isotopic mass balance of water vapour to determine the contributions of standing water evaporation (E) and transpiration from P. australis (T ) to total ET fluxes in the marsh canopy. Assuming horizontal advection of water vapour was negligible and E and T were the primary sources of vapour in the marsh, the mass balance equations were developed as follows (Lai et al. 
where δ e is the isotopic composition of liquid water at the surface, δ v is the isotopic composition of the atmospheric vapour above the water surface, α eq is the temperaturedependent equilibrium fractionation factor, and ε eq is the equilibrium isotopic enrichment defined as ε eq ¼ α eq À 1. For molecular diffusion in air, the kinetic fractionation factor is ε k , and in this study, the kinetic fractionation factors were approximately 21‰ for oxygen and 11‰ for hydrogen (Bijoor et al. ) , which included the effects of a turbulent boundary layer (Cappa et al. ) . The h is relative humidity, which was normalized to the surface temperature of the standing water.
Generally, δ T is calculated by assuming the attainment of isotopic steady state (ISS), which indicates that the δ T equals that of the xylem water (δ s ) (Flanagan & Ehleringer  
where w i is defined as the water vapour mixing ratio at the temperature of the water at the sites of evaporation (mol mol À1 ), g is the leaf (stomata and boundary layer) conductance (mol m À2 s À1 ), α k is the kinetic fractionation factor for molecular diffusion in air, W is the water storage in the leaf lamina (mol m À2 leaf), and t is the time 
where
and is the isotopic enrichment of water vapour relative to that of the source (stem) water and h is the relative humidity normalized to leaf temperature. The isotopic composition of transpiration relative to the source water (Δ T ) was calculated as follows (Farquhar & Cernusak ) :
. Using the estimated fractional contributions of transpiration and measured leaf-level transpiration flux, the total ET flux was calculated as follows:
In this estimation, we assumed that each sampling represented the mean of approximately 3 hours.
RESULTS AND DISCUSSION
Isotopic characters
The scatter plot of δD versus δ
18
O is shown in Figure 2 , and the correlation between δD and δ 18 O was described by δD ¼ 
Daily ET partitioning
Using the measured or modelled isotopic end members (i.e., δ c , δ b , δ E and δ T ; Table 2 ) and the measured leaf-level transpiration, T/ET was estimated based on the mass balance equations (Table 3) . To evaluate the results of ET partitioning, two different methods were used to estimate the ratio of transpiration to ET: (1) based on the steady state estimates of δT and the P&G method (ISS method) and (2) based on the NSS estimates δT and the P&G method (NSS method).
Using the NSS method, T/ET ranged from 0.19 ± 0.12 to 0.67 ± 0.39 with a mean of 0.38 ± 0.18 (Table 4) . The ISS and NSS methods produced very similar results, and the T/ET estimate from the NSS method was approximately 0.05-fold higher than that from the ISS method. Using the estimated T/ET from the NSS method, the average estimated total water loss from E, T and ET was 6.29, 2.46 and 8.76 mm d À1 , respectively (Figure 4 ).
Hourly ET distribution
The hourly ET variation was expressed as a single-peak environmental factors (such as net radiation, air temperature and water surface temperature) faster than water evaporation. After noon, the water evaporation decreased faster than P. australis transpiration with the descendant coefficients of 1.287 and 0.317, respectively.
The NSS method and model accuracy
Previous studies suggest that not accounting for the NSS of δ T can introduce large errors in partitioning of ET (Yepez et al.
; Lai et al. ).
In this study, comparisons between the methods for partitioning ET showed that the results for ISS and NSS methods were very similar in estimating fractional contributions from E and T ph (Table 4) . Therefore, although the transpiration was not at an ISS (Table 3 ; Figure 4 ), the ISS method also gave reasonable estimations of contributions from E and T ph . However, slight discrepancies (less than 5%) were detected for the early morning and evening samplings between the two methods; therefore, consideration of a NSS δ T in modelling of leaf water for the transitional periods of the day would be beneficial.
Before modelling the NSS δ T , the leaf water isotopic June. ΔLb values were modelled using Equation (21) in Farquhar & Cernusak (2005) . Δ Le values were estimated using two approaches, based on a steady state assumption (light grey line): from forward prediction using Equation (22) in Farquhar & Cernusak (2005) (black squares) and from back calculation using the observed ΔLb values based on Equation (16) in Farquhar & Cernusak (2005) (black solid dots).
occur between leaves and the air (Farquhar et al. ;
Welp et al. ).
In this study, both the modelled Δ Le ( Figure 5 ) and the calculated δ T (Table 3) Because of the short experimental time, the results might include some deviation. Therefore, we compared the meteorological data for 9 consecutive sunny days (Table 5) . From the contrast of meteorological factors, the relative humidity in the study period was higher than that for the consecutive days in late June and the air temperature was lower by approximately 2.1 C, which resulted in the evaporation difference. The evaporation difference between the experimental period and late June was approximately 3.3%, less than 5%. Thus, the results for the study period were reasonable and credible.
To determine the factors influencing ET in wetlands in northeast China and to further validate the results of this study, we contrasted the ET amount and meteorological factors at wetlands of international importance that are distributed in northeast China (Table 6 ). Based on the amount of ET, these wetlands were divided into two groups: one group (first group), including the Zhalong and Momoge Wetlands, was distributed in a semiarid area, and the other group (second group) contained the Sanjiang and Panjin Wetlands located in a humid region.
ET is highly dependent upon net radiation (R n ) and air temperature, and peak values of ET often mirror the peaks in R n or air temperature (Zhou & Zhou ) . Moreover, the R n is significantly positively correlated with the sunshine duration. From Table 6 , no clear difference is observed in sunshine duration between the two groups; therefore, R n may not be the primary reason for the difference in ET values. However, the air temperature of the first group was dramatically higher than that in the second group. In previous studies, the ET increased with increasing air temp- Note: The data were cited from the China Meteorological Data Sharing Service Network (http://cdc.cma.gov.cn/) and other documents (Jia et al. 2007; Sun & Song 2008; Zhou & Zhou 2009; Yao et al. 2010; Zhang et al. 2011 ).
